JHK S photometry is presented from a three-year survey of the central regions of the Local Group dwarf irregular galaxy IC 1613. The morphologies of the colourmagnitude and colour-colour diagrams are discussed with particular reference to the supergiants and M-and C-type asymptotic giant branch (AGB) stars. Mean JHK S magnitudes, amplitudes and periods are given for five O-rich and nine C-rich Mira variables for which bolometric magnitudes are also estimated. A distance of 750 kpc ((m − M ) 0 = 24.37 ± 0.08 mag) is derived for IC 1613 by fitting a period-luminosity relation to the C-rich Miras. This is in agreement with values from the literature. The AGB stars exhibit a range of ages. A comparison with theoretical isochrones suggests that four luminous O-rich Miras are as young as 2 × 10 8 yrs. One of these has a lithium absorption line in its spectrum, demonstrating that it is undergoing hot bottom burning (HBB). This supports the idea that HBB is the cause of the high luminosity of these AGB stars, which puts them above the fundamental periodluminosity (PL) relation. Further studies of similar stars, selected from their positions in the PL diagram, could provide insight into HBB. A much fainter, presumed Orich, Mira is similar to those found in Galactic globular clusters. The C Miras are of intermediate age. The O-rich variables are not all recognized as O-rich, or even as AGB stars, on the basis of their J − K S colour. It is important to appreciate this when using near-infrared surveys to classify AGB stars in more distant galaxies.
INTRODUCTION
IC 1613 is a Local Group dwarf irregular galaxy. Its proximity (0.72 Mpc Scowcroft et al. 2013 ) and isolation, together with its low foreground extinction (e.g. foreground E(B −V ) = 0.025 mag; Schlegel et al. 1998 ) have made it an attractive target for various programmes. Studies of young stars show a metallicity similar to that of the SMC, but with a low oxygen abundance (Garcia et al. 2014; Bouret et al. 2015) , while older stars appear to be more metal-deficient (e.g. Skillman et al. 2014) . A recent investigation of the star formation history (Skillman et al. 2014 ) supports earlier suggestions that it has been constant over time, without any dominant phase of star formation. Borissova et al. (2000) studied the distribution of luminous cool stars from J and K-band imaging and found AGB stars covering a wide range in age. Albert, Demers & Kunkel (2000) conducted a narrow-band wide field survey of IC 1613 for C and M stars, and found the (intermediate age) C stars extended out to 15 arcmin, well beyond the regions where star formation is currently active. Bernard et al. (2007) conducted a wide field optical survey of IC 1613, and traced red giant branch (RGB) stars out to a radius of 16.5 arcmin (3.6 kpc), showing the galaxy to be more extended than previously thought. Sibbons et al. (2015) use JHKS photometry to identify the tip of the RGB (TRGB) at K0 = 18.25 ± 0.15 mag and to discuss the relative numbers of O-and C-rich AGB stars. Jackson et al. (2007) and Boyer et al. (2009; 2015) use Spitzer mid-infrared photometry to discuss dust production and demonstrate that there are AGB stars in IC 1613 that are too red to be found by surveys at shorter wavelengths.
Various supergiants, including Cepheids and other variables, were identified by Sandage (1971) . Spectra were taken of some by Humphreys (1980) and infrared photometry obtained by Elias & Frogel (1985) . More recently surveys for variables have been made by Saha et al. (1992) , Antonello et al. (1999 Antonello et al. ( , 2000 , Mantegazza et al. (2001) , Bernard et al. (2007 Bernard et al. ( , 2010 and OGLE II (Soszyński et al. 2009 ).
The present work forms part of a broad study of AGB arXiv:1506.02867v1 [astro-ph.GA] 9 Jun 2015 variables in Local Group Galaxies which so far has covered the dwarf spheroidals: Leo I , Phoenix (Menzies et al. 2008) , Fornax (Whitelock et al. 2009 ) and Sculptor (Menzies et al. 2011) , as well as NGC 6822 (Whitelock et al. 2013) , another dwarf irregular.
OBSERVATIONS
We used the Japanese-South African IRSF equipped with the SIRIUS camera, which permits simultaneous imaging in the J, H and KS bands (see Nagayama et al. (2003) for details). We defined 4 overlapping fields, each approximately 7.8 arcmin square, with field 1 centred at α(2000.0) = 01:05:01.3 and δ(2000.0) = 02:11:43.8. Field 2 is 7 arcmin W of field 1, fields 3 and 4 are 7 arcmin south of fields 2 and 1, respectively. Fields 1 and 2 were observed in JHKS at 11 epochs, and the other two at 10 epochs, over a period of 3 years. Typically 30 dithered exposures of 30 s each were combined at each epoch, though occasionally, depending on sky brightness at KS, exposure times were reduced to 20 s.
The basic data for stars with standard errors less than 0.1 mag in each band are provided on-line, and the first few lines of the catalogue are illustrated in Table 1 (The Mira variables, discussed in section 8, are not in this table) .
Observations were obtained with the Robert Stobie Spectrograph on the Southern African Large Telescope (SALT). An 1800 line/mm grating was used to cover the wavelength region from 6000 to 7200Å with a resolving power of about 4000. Two spectra with exposure times of 2400 s each were obtained at GJD 2456980.3903 and 2456981.3737, respectively and reduced with the SALT pipeline (Crawford et al. 2010) .
R-band photometry was obtained with the Las Cumbres Observatory Global Telescope (LCOGT) Network. This was primarily for the purpose of establishing when the M-type Mira, G3011, was sufficiently bright to obtain spectroscopy with SALT (see section 4), but it also served to give us some variability information on all four of the bright M-type Miras.
The reddening to IC 1613 is small and no corrections are applied for the various diagrams. For the bolometric magnitudes a small correction is applied as discussed in section 9.
A mosaiced KS image is shown in Fig. 1 .
UKIRT DATA
Infrared photometry of IC 1613 has been obtained with UKIRT and published by Lawrence et al. (2007) , as part of the UKIDSS survey, and by Sibbons et al. (2015) . It is potentially useful to combine these data with our IRSF measurements in order to determine periods for the large amplitude variables. The Sibbons et al. (2015) photometry (JW , HW , KW ) was re-reddened assuming E (B−V ) = 0.02 so that AJ , AH , AK are 0.015, 0.009, 0.005 mag, respectively, then corrected to the Two Micron All Sky Survey (2MASS) system (J2, H2, K2) using:
(1)
which are derived from Hodgkin et al. (2009) . The UKIDSS data from Lawrence et al. had not been reddening corrected and were therefore simply transformed using the above equations.
As discussed in our paper on NGC 6822 (Whitelock et al. 2013 ) IRSF and UKIRT photometry for non-variables shows good agreement for H and KS, but a colour term for J of the order of 0.1 mag for stars with J − KS = 1.0, in the sense that the transformed Sibbons et al. J mag is fainter than our values.
We assume that the above transformation applies to the large amplitude variables, while noting that this may not be the case because of their unusual energy distributions.
SPECTRUM OF G3011, THE LUMINOUS M GIANT
The SALT spectrum of G3011 is shown in Fig. 2 together with one of HV11329, a super-lithium-rich star in the SMC (Smith, Plez & Lambert 1995) , taken with the same set up, for comparison. The region around the lithium line is shown at higher magnification. The presence of the lithium doublet at 6708Å is quite clear as is the ZrO band head at 6474Å. As an indication of the strength of the lithium line, we find an equivalent width of about 350 mÅ, using a pseudo-continuum defined by the fluxes at 6704 and 6712Å. With the same procedure, the equivalent width in our HV11329 spectrum is about 480mÅ (compared with 767mÅ given by Smith et al. (1995) , using a 'local flux maximum' as continuum). The presence of sprocess elements leads us to classify this as an AGB star while the lithium clearly indicates hot bottom processing.
The heliocentric radial velocity of G3011 based on the position of Hα is −233 Kms −1 , which is very similar to that of other stars in IC 1613 (Kirby et al. 2014) as well as to the HI velocity (Hoffman et al. 1996) . What is perhaps quite surprising is the strength of the metal lines in the same region, note in particular the line just to the red of lithium with a rest wavelength of 6710.5Å which must be mostly iron (Davis 1947) , and which is not seen at all in the SMC star spectrum. This might reasonably lead us to question the assumption that IC 1613 is a very metal weak galaxy. In that context it is interesting to note that Garcia et al. (2014) in looking at the spectra of young hot stars recorded "An unexpected finding is that when comparing analogue stars in the Fe V and Fe IV pseudo-continua, the line strength of the Fe forest in IC 1613 stars is similar to that in SMC stars, or even stronger. We expected a significant difference given IC 1613's poorer metal content. "
The metallicity of IC 1613 requires a proper abundance analysis of stars with atmospheres that can be properly modelled.
COLOUR-MAGNITUDE DIAGRAM
The colour-magnitude and two-colour diagrams for stars from Table 1 plus the variables discussed in section 8, are Tables 4, 6 and 7 below and G1027, the Cepheid variable). The full table is available on-line. The first two columns are the equatorial coordinates in degrees; G is our own identification number; the mean photometry, JHK S is listed together with its standard deviation, δJHK S . illustrated in Fig. 3 and Fig. 4 . Sibbons et al. (2015) found the TRGB to be at K0 = 18.25 ± 0.15 mag. Our limiting magnitude is K0 ∼ 18.0, so all of the objects in our sample that are in IC 1613 (i.e. not foreground stars or background galaxies) are either supergiants or AGB stars. Following the same procedure as for NGC 6822 (Whitelock et al. 2013) we assume that stars with J − H < 0.75 are dwarfs. Note that Sibbons et al. used a somewhat bluer colour to make the same division. The identification of dwarfs is helpful for an interpretation of the colourmagnitude diagram, but it is not a factor in our identification of AGB variables. However, both the supergiants (section 7) and the O-rich AGB variables (section 8) have similar colours to dwarfs, so any we have not specifically identified may be misrepresented as dwarfs in the figures.
The colour-magnitude and two-colour diagrams (Figs. 3 and 4) are very similar to those of NGC 6822 (figs. 1 and 2 Whitelock et al. 2013 ), when we take into account the observational limits and the different distances to the two galaxies.
In IC 1613 Fig. 4 there are rather more points with 0.5 < H − KS < 1.0 and 0.4 < J − H < 0.8 than in NGC 6822. The faint (presumed M-type) AGB variable (G4237) falls in this area as do two stars that are tenta- The σ values for the Cepheid, G1027, are the peak-to-peak amplitudes.
tively identified as C-rich (G2143, G2075) from the narrowband photometry (see section 6). It is certainly possible that these particular stars suffer some weak contamination in the J band. In Fig. 3 most of the rest of the points fall among the bluer C stars, but have not been identified as such. It is likely that these sources are unresolved distant galaxies. Note also that G3188, discussed in section 7, has the most extreme colours of this group and is probably a background source.
DISTINGUISHING C-AND M-TYPE AGB STARS
Narrow band CN and TiO photometry for IC 1613 by Albert et al. (2000) was used to identify M and C stars in our sample. We considered only stars for which the uncertainty on R − I is σ(R − I) < 0.09 mag and used the colour criteria of Albert et al. (see their fig. 5 ). These stars are identified in the colour-magnitude ( Fig. 3 ) and two-colour (Fig. 4 ) diagrams.
Sibbons et al. examined stars brighter than the TRGB. They divided their sample into C and M stars on the basis of the J − KS colour, such that stars with 2MASS (J − KS) < 1.22 mag are probably M stars and those with 2MASS (J − KS) > 1.22 mag, are probably C stars. They also noted that there was some overlap at the dividing line. In Fig. 5 we show a colour-magnitude diagram based on photometry from Sibbons et al., in the area surveyed by us (except for the variable stars which are IRSF measurements). The Sibbons photometry has been put on the 2MASS system (section 3), so this diagram can be compared directly with Fig. 3 . The two diagrams are similar except for the fainter limits of the UKIRT data, so they see stars which are both fainter and redder than we do. There is no major systematic difference between the Sibbons et al. and the Albert et al. divisions into C and M stars, and the Albert et al. results indeed indicate that there is no strict separation at J − K = 1.2, but a good deal of overlap.
SUPERGIANTS
It is important to recognize the M supergiants in IC 1613, particularly the variables, for the purpose of comparison with the luminous AGB stars discussed below. We also clearly identify the long period Cepheid (G1027) which was discovered by Sandage (1971) , as V22, with a period of 146.35 days, and who noted that it did not repeat well. Antonello et al. (1999) call the same star V2396 and find P=145.6 days, but do not have enough data to cover the full cycle. Our period of 147 days from the IRSF data alone, or 145 days including the two UKIRT observations (see Fig. 6 ), is consistent with both these values. The same star (V22) in Scowcroft et al. (2013) was assigned a period of 123.88 days taken from an earlier paper where they had insufficient data to determine the period. This period does not fit any of the available data. There are of course many more, shorter period Cepheids in IC 1613 (e.g. Udalski et al. 2001 -henceforth OGLE II; Scowcroft et al. 2013) which are too faint to show up in this survey.
In addition to the bright Cepheid, Table 2 contains mean values of the IRSF JHKS and LCOGT R-band photometry of the stars which are identified as supergiants in the literature (see Table 3 ). The mean photometry is based on at least 10 observations at JHKS and 15 LCOGT observations for the R magnitudes. For these bright stars the standard deviation, σ, gives an indication of the level of variability, which is small in all cases (other than for the Cepheid). It is certainly too small to look for periodicities, although most of these stars have been identified as variables, e.g. by Sandage (1971) , as indicated in the second column of Table 3 . The OGLE II identity, magnitude and colour are given in columns 3, 4 and 5, respectively; the General Catalogue of Variable Stars (GCVS - Samus et al. 2013 ) identity and variability class is given in column 6, the spectral type in column 7 and the Sibbons et al. catalogue number in column 8. Column 9 contains any other variability information while column 10 contains the reference to this information and/or to the spectral type.
With the exception of the Cepheid, G1027, and G3188 the supergiants have very similar colours and in Fig. 4 appear on the border between the M giants and the dwarfs, but distinct from the luminous M giant variables discussed below. Herrero et al. (2010) investigated G1025, which they describe as a Luminous Blue Variable (LBV). Its colours in Fig. 4 are similar to the late-type supergiants, but is even fainter in Fig. 3 than the bright M-type variables. It is possibly a binary or a confused image.
G3188 is included in the tables because it was identified as IC1613-1 by Britavsky et al. (2014) Those Miras for which we can estimate periods are shown as asterisks, while other large amplitude variables are illustrated as triangles. Supergiants are large magenta closed circles. Black symbols are used where there is no information about spectral type, no indication of large amplitude variability and no reason to think the star is a dwarf. The lines represent isochrones from Marigo et al. (2008) at a distance modulus of 24.37 mag; the solid line and dotted lines represents populations of age 10 9 yrs with metallicity Z=0.001, and age 2.5 × 10 8 yrs with Z=0.004, respectively. Stars on the blue and red parts of the tracks are expected to have C/O < 1 and > 1, respectively.
the same object as a blue variable, V0037D, with a period of 62.71 days. The OGLE II data confirm its blue colour, as does the Sloan Digital Sky Survey (r − i = −0.16 mag; Ahn et al. 2012 ). Our infrared images show it as extended and the UKIDSS catalogue (Lawrence et al. 2007) indicates that it has a high probability of being a galaxy. The UKIDSS infrared magnitudes are similar to ours. Inspection of the Spitzer catalogs and images from Boyer et al. (2015) show multiple sources within a three arcsec radius at these coordinates. In Fig. 3 it appears among the C stars. On the basis of its radio and X-ray emission Flesch (2010) finds there is a 97 percent chance that the object is a QSO. He gives 0 and 1 percent chances of its being a galaxy or a star, respectively. It is not clear what this is, but it is certainly not an M-type supergiant and it is probably more than one source!
VARIABLES
In the following, in addition to our IRSF photometry, we make use of the infrared photometry from UKIRT described by Lawrence et al. (2007) and by Sibbons et al. (2015) , converting it to the 2MASS system as described in Section 3. These observations were taken between three and seven years after our measurements. This cadence is not ideal and long term changes in the mean magnitude, which are common among C-rich stars, can make determining periods more difficult. There also remain possibilities of differences in the photometric systems for stars with extreme colours. Nevertheless, as the light curves illustrated later demonstrate, the extra observations do help with many of the period determinations.
The bright Cepheid variable was discussed in section 7 and its photometry is listed in Table 2 .
We examined the light curves of all stars with KS < 17 mag for which we had at least 10 observations and which showed a standard deviation in J, H or KS of > 0.2 mag, going to lower standard deviations for brighter magnitudes. Given that our primary objective was to find large amplitude AGB variables we also examined stars with J − KS > 2.2 mag, finding them all to be variable at some level.
Variables with J −KS > 1.2 mag are defined as probable C-type stars, while the bluer ones are assumed to be M-type, i.e. O-rich stars (see section 6). Many of these M-and Ctype classifications are confirmed from their narrow-band colours (Albert et al. 2001) or from spectroscopy in the case of G3011.
Where possible, periods were determined by Fourier analysis of the H and/or KS data. For the large amplitude, Mira variables for which periods could be determined the Fourier mean JHKS magnitudes and peak-to-peak amplitudes, ∆J, ∆H, ∆KS were also measured. These are listed in Tables 4 and 6 for the probable O-rich and C-rich stars, respectively. We followed the same practice as in our earlier papers (e.g. Whitelock et al. 2006) listed where the uncertainty of their R − I was σR−I < 0.09 mag.
Note that G3083 is listed twice with two possible periods, 147 and 280 days, as it was impossible to distinguish between these with the available JHKS data. The one year alias of 280 days is 158 days, i.e. not exactly 147, and possibly this is a case of aliasing in rather noisy data. Spitzer data (Whitelock et al. in preparation) favours a longer period and we therefore adopt 280 days in the following discussion. Table 7 contains the photometry for the stars for which we could not determine periods. Some of these will be Miras with erratic variations or insufficient data, others will be SR variables. Most of them are C-rich as determined by Albert et al. (2001) . The tabulated ∆KS provides the approximate range of the variability. No attempt is made to list stars with amplitudes ∆K < 0.4 mag, of which there are many. Figure 7 shows the KS light curves for the stars in Table 6 together with their best fit first-order sinusoid at the period noted on the figure. The UKIRT observations (open circles) are in reasonably good agreement with our data, given that they were obtained at a different time and converted to the 2MASS system as described in section 3. This is important because Whitelock et al. (2013) noted significant differences between their mean KS mags and those by Battinelli & Demers (2011) for the stars in common (see their fig. 6 ), and there was a possibility that this was due to transformation problems with the colours of these very red stars. In the colour-magnitude (Fig. 3) and two-colour (Fig. 4) diagrams the C-rich Miras are seen to be the reddest of the stars we observe and we would anticipate that they have large mass-loss rates, as the Spitzer photometry (Boyer et al. 2015 ) also suggests. The other variables overlap in colour with the Miras, supporting our expectation that some of them are Miras. The light curve of G4200, which is the reddest of these, is shown in Fig. 8 . There is no sign of periodicity, although it is highly variable over a timescale of about 3000 days.
The luminous M variables are discussed separately below. G4237 (at KS = 17.28 and J − KS = 1.19 mag) is significantly fainter than these objects; it can be seen about 2 mag below them in the colour-magnitude diagram (Fig. 3 . Its light curve is shown in Fig. 9 . It was not recognized as an AGB star by Sibbons et al. because they would have classified it as a dwarf from its (J − H)0 colour. Our mean value was J − H = 0.52 mag, so we too would class it as a dwarf on the basis of colour. It is difficult to be certain without a spectrum, but the light curve and luminosity are most simply explained if it is a Mira and it is discussed further in section 9.
It is notable that the four bright Miras have similar luminosities and periods to each other, and are therefore of very similar age. It is therefore significant that there are no Miras, and rather few AGB stars, in the two magnitude interval fainter than these stars and none brighter. These four stars are discussed further below (section 9).
Completeness of survey for large-amplitude variables
As in our analysis of NGC 6822 (Feast et al. 2012; Whitelock et al. 2013) we use a reference frame in the H band to provide positions at which "fixed-position" DoPHOT photometry was performed. H − KS = 2.0 mag that were fainter than about KS = 16.3 mag or J = 18.4 mag at the time the reference frame was obtained, even though these latter values are significantly above the relevant limiting magnitudes. Furthermore, it is important to recognize that we do not have as good temporal coverage or cadence as we did for NGC 6822 (Whitelock et al. 2013 ), IC 1613 is more distant than NGC 6822 (by between 0.7 and 0.8 mag), and it is therefore clear that we do not expect our sample of large amplitude variables in IC 1613 to be complete. Table 8 
Luminous O-rich variables
The first four presumed O-rich AGB stars listed in Table 4 are well separated from the other variables in the colourmagnitude diagram (Fig. 3) . Their KS light curves are illustrated in Fig. 10 , while Fig. 11 shows their LCOGT R-band observations, phased on the periods determined from the infrared photometry. These periods fit reasonably well and in all cases show that the peak at R occurs earlier than at KS, as might be expected. The R amplitudes will be significantly larger than the KS amplitudes. Soszyński et al. (2009) use an I amplitude of ∆I > 0.8 mag to define Miras within the very extensive OGLE data and we would expect the R amplitude to be slightly greater than that at I. Thus all of these stars would be classed as Miras from their R photometry. Our knowledge of the individual stars is summarized briefly in Table 5 and the details are discussed below.
The data summarized in Table 5 show that two of these stars, G1017 and G1016, are O-rich from their narrow-band colours, while a third, G3011, is O-rich from its published spectral type, M3III (see also section 4). All four are large amplitude variables with J −KS < 1.2 mag and we therefore assume that all four are O-rich Miras. Sibbons et al., working only with JHKS colours and no variability information, found only one O-rich AGB star, G2035, two of the others were not classed as AGB stars at all while the fourth, G1016, was classed as a C-rich AGB star. Because JHKS photometry has become an important method for identifying AGB stars in other galaxies it is vital to appreciate that it does not work for these important luminous AGB variables (nor even for the fainter presumed O-rich Mira G4237 discussed above). Some notes on three of the variables follow:
G1017: There is a variable in the Catalina survey (Drake et al. 2014 ), J010506.6+021333, that is 2.7 arcsec away from G1017 but which is almost certainly the same source. It is described as an LPV with V = 19.060, ∆V = 1.87 mag (measurements in white light) and P=533.618 days. G3011: Kurtev et al. (2001) found what they described as the first Mira variable in IC 1613, determined a period of 640.7 days for it and assigned a spectral type of M3e. This is the source we call G3011 with the lithium-rich spectrum described in section 4. Note that the period of 640.7 days does not fit our JHKS or our R data We determined a period of 550 days, with an estimated error of about 30 days. It is not clear at this stage if the period has changed or if the earlier data could be consistent with a somewhat shorter period. It is also listed as an LPV, V2950, by Antonello et al. (2000) with a period of about 645 days and a white light amplitude of 1.7 mag. It will be important to establish if the period is changing as this could indicate that we are observing it at a time that is close to a helium shell flash.
G1016: This was identified as V40, an irregular red variable, by Sandage (1971) , and by Antonello et al. (1999) , where it is V1872. It is listed as an Lc variable, I1613 V51, in the GCVS.
On the basis of their variability these stars could be supergiants or AGB variables, but the spectrum discussed above (section 4) proves that G3011, and by implication the others, must be an AGB star undergoing hot bottom burning. It seems likely that our survey is complete for these luminous O-rich Mira variables, even though it is very incomplete for the faint M-type Miras and for the redder fainter C Miras. We would also not have detected highly reddened OH/IR sources, if such stars were present.
COMPARISON WITH THEORETICAL ISOCHRONES
Observations suggest that AGB stars end their AGB evolution as Miras, i.e. large-amplitude variables pulsating in the fundamental mode (Feast & Whitelock 1987 , Whitelock & Feast 2000 . Theory, (e.g., Marigo et al. 2008) , suggests that there will be some evolution of the period and colour once fundamental pulsation has started. However, the existence of the Mira period luminosity relation Whitelock et al. 2013 ) together with kinematic evidence (e.g. Feast et al. 2006) suggests that the evolution with period is very limited and/or very rapid at least among older populations, which also have low envelope masses. It is therefore our assumption that the Miras observed in IC 1613 are very close to the end of their AGB evolution. The situation with HBB stars is less clear and it is at least possible that they are overtone pulsators (Feast 2009 ), which will evolve into very long period, possibly OH/IR, stars when they become fundamental pulsators. Marigo et al. (2008) discuss the theoretical evolution of AGB stars with a wide range of ages, and they provide colours on the 2MASS system via a web interface 1 . Fig. 3 illustrates two representative isochrones from their work. The brighter of these passes close to the luminous M giants and 1 stev.oapd.inaf.it/cgi-bin/cmd represents a relatively young population of just 2.5 × 10 8 yrs with Z=0.004. Stars on the upper part of this isochrone are indeed undergoing HBB. Increasing the metallicity moves the curve to the right, fitting lower luminosity M stars rather better, but missing the large amplitude variables. Decreasing the age moves it to higher luminosity. Assuming these M giant variables are the most luminous AGB stars then the AGB is observed down to 2 × 10 8 yrs. Note that for the purpose of illustrating these isochrones in Fig. 3 we omit the last few points where the colours vary dramatically over a very small range of initial mass. Marigo et al (2008) note that the bell-shaped profile in some of their theoretical isochrones (their fig. 1 ) is due to a combination of HBB and high mass loss. Their isochrone for z=0.004 and an age of 2.5 × 10 8 years clearly shows such a profile with the four luminous Miras lying near the brightness peak of the isochrone (see our Fig. 1 ). Their older isochrones do not show such a structure. This is consistent with the fact that we do not find any older (i.e. less luminous with shorter period) Miras showing evidence for HBB by being above the PL relation. This is despite the fact that the galaxy contains such older stars. The Marigo et al. results for the isochrone in our Fig. 1 indicate that these four luminous Miras have an initial mass of 3.5 M and a current mass of 3.4M . They also indicate that slightly more advanced stars on the isochrone are evolving rapidly with high mass-loss rates and are thus less likely to be found. These conclusions are not significantly changed if the metallicity is somewhat greater than z=004. This is shown by the z=0.008 and z=0.019 isochrones in fig. 1 of Marigo et al. The initial (current) masses at the same age would be 3.6 (3.5) M for z=0.008 and 3.8(3.7) M for z=0.019. The presence of these four HBB stars indicates a significant population of age near 2.5 × 10 8 years. We might therefore expect a population of short period (1-2 day) Cepheids at this metallicity (see the Cepheid period-age relation of Bono et al. (2005) ). Unfortunately such stars are at, or just below, the magnitude limit of the OGLE survey for Cepheids in IC1613 (Udalski et al. 2001) . However, a deeper survey of a small region of the galaxy (Bernard et al. 2010) shows a significant population of Cepheids with periods in the 1 to 2 day range. We conclude that our HBB stars are restricted to small regions in the colour-magnitude and period-luminosity spaces because there is a lower limit to the age at which HBB can occur, coupled with the fact that there is only a sparse population of younger stars.
The second, fainter isochrone represents a population with an age of 1 Gyr with Z=0.001 (the mean for IC 1613 according to Skillman et al. 2014) . It goes through the bulk of the AGB stars although it predicts a change from Orich to C-rich at J − KS < 1.0, bluer than the J − KS ∼ 1.2 seen observationally. The pulsation periods predicted by the models do not bear any relationship to those actually measured. Nevertheless, the models have improved in recent years and seem to provide a plausible qualitative fit to many aspects of the data.
The one low luminosity (presumed) O-rich star, G4237, with KS = 17.3, must be significantly older than those discussed above and more like the Miras found in metalrich Galactic globular clusters. If it is comparable to the AGB variables in 47 Tuc it is about 10 Gyr or possibly older (Garía-Berro et al. 2014 and references therein). Fig. 5 .
The most luminous point on an isochrone of 10 Gyr and Z=0.004 (not illustrated) falls very close to this star in the colour-magnitude diagram. We anticipate that there would be significant numbers of such variables in IC 1613, with −7.5 < MK < −6.5 (see Feast et al. 2002, fig. 3 ) and therefore with 17.9 > KS > 16.9. These stars will be fainter than our limiting magnitude during much of their pulsation cycle and it is not surprising that we do not actually identify others.
BOLOMETRIC MAGNITUDES AND DISTANCES
In the discussion of distances below we follow the same procedure for determining bolometric magnitudes as in our previous papers because this will give us consistent values that are useful, at least, for estimating distances via the period luminosity (PL) relation. Note that the caveats outlined at the start of section 7 of Whitelock et al. (2013) apply as much to the present work on IC 1613 as they did to NGC 6822. The photometry was reddening corrected assuming E(B − V ) = 0.06 mag, which makes some allowance for reddening internal to IC 1613 (e.g. Georgiev et al. 1999) .
Bolometric magnitudes for presumed C stars were calculated by applying a colour-dependent bolometric correction to the reddening-corrected K magnitudes on the SAAO photometric system (Whitelock et al. 2009 ).
The Carpenter (2001; web page update 2 ) formulation is used to transform from the 2MASS system (Table 6) to the SAAO system. The resulting bolometric magnitudes are listed in the same table. Fig.12 shows the PL relation. Nine stars is insufficient to determine both a slope and a zeropoint for the PL relation, so we assume that the slope of the PL-relation derived for the Large Magellanic Cloud (LMC) will apply to IC 1613 and use the expression:
This enables us to determine the distance modulus of IC 1613 with respect to the LMC, assuming that the LMC has (m − M )0 = 18.5 mag . The fact that the slope of the PL relation determined for 50 stars in NCC 6822 (Whitelock et a. 2013 ) was identical, within the uncertainties, to that of the LMC gives us confidence that this is a valid assumption. The distance modulus derived for IC 1613 is (m−M )0 = 24.37 ± 0.08 mag, where the error is statistical and does not take into account any additional uncertainty in the slope of the PL relation or distance to the LMC. If we leave G3083 out of the solution, because of the uncertainty in its period, we derive (m − M )0 = 24.36 ± 0.09 mag.
Whilst this is the first estimate of the IC 1613 distance from Mira variables, there have been many attempts to derive it in other ways, e.g., Classical Cepheids, RR Lyrae variables, TRGB, Red Clump. Summaries have been given by, among others, Bernard et al. (2010) and Scowcroft et al. (2013) . Bernard et al. (their fig. 16 ) standardize previous results to an adopted LMC modulus of (m − M )0 = 18.515 ± 0.085 and a reddening of E(B − V ) = 0.025. They find a mean of various estimates to be (m − M )0 = 24.385 ± 0.014, where we have converted their value to our adopted LMC distance modulus (18.50 mag). The quoted error is internal only. Two recent multicolour studies of Classical Cepheids in IC 1613 (Pietrzyński et al. 2006 , Scowcroft et al. 2013 , when adopting an LMC modulus of 18.50, lead to (m − M )0 = 24.291 ± 0.035 and 24.31 ± 0.03 (internal errors only), respectively, and E(B − V ) = 0.090 ± 0.019 and 0.05 ± 0.01, respectively. Uncertainty in the reddening, illustrated by the three estimates given above, will obviously affect optical observations more severely than those in the near-or mid-infrared. Some modulus derivations, including those obtained from optical observations of RR Lyrae variables, rely on an adopted metallicity. Others, including the Classical Cepheid determinations just mentioned, assume metallicity effects are negligible There is some evidence (Majaess et al. 2014 ) that the Cepheids in the central region of IC 1613 are affected by crowding. Their results indicate that, allowing for such an effect by excluding Cepheids in the crowded centre, would increase the Cepheid distances just mentioned by ∼ 0.06 mag. Finally, although a common LMC modulus is adopted, there is no guarantee that all the LMC calibrators are at the same mean distance (see for instance Feast et al. 2012 ). Given the above our current estimate of (m−M )0 from Miras is well within the uncertainties of other estimates. As in our previous work on other local group galaxies, this confirms the reliability of these objects as distance indicators.
The PL(K) diagram is shown in Fig. 13 , where the line uses the distance modulus derived above in the relation for O-rich stars in the Galaxy ): MK = −3.51 log P + 1.10
In comparison to the PL(K) relation in NGC 6822 (Whitelock et al. 2013 fig 8) the absence of C stars below the PL relation is very noticeable. This is almost certainly a selection effect caused by the limited depth of our survey; many of the redder sources we found in NGC 6822 would not have been detected had they been at the distance of IC 1613 and > 0.7 mag fainter.
The fact that the luminous O-rich stars lie above the PL relationship in Figs.13 and 12 is another indication that these stars are undergoing HBB, supporting the conclusions from the presence of lithium (section 4) and the isochrone fits (section 9). The implications of this are discussed further in the conclusion (section 11) below.
CONCLUSIONS
It has already been established that star formation in IC 1613 took place over a very long period (Skillman et al. 2014 ). Our observations support this and indicate a clear young (few ×10 8 yrs) AGB population, a significant population with ages up to a few ×10 9 yrs as well as indications of a much older (> 10 Gyr) population. A deeper survey is required to say more about the older AGB variables and to identify post-HBB stars with thick shells.
It seems that IC 1613 offers a potentially very interesting environment in which to test AGB evolution and in particular the lifetimes and flux contributions from HBB and stars with high mass-loss rates. Deeper and more detailed observations in the near-infrared and at longer wavelengths will be needed to provide an effective test of the models. This type of work could go some way to resolving the controversy associated with the fraction of light from intermediate age AGB stars that is contributed to the integrated infrared flux of galaxies at moderate redshift (e.g., Maraston et al. 2006; Zibetti et al. 2013) .
Selecting stars by J − KS colour rather than by their variability provides a distinctly different sample of AGB stars and in particular misses some of the most luminous large amplitude O-rich AGB stars. It will be important to recognize this in future. Whitelock et al. (2003) suggested that the luminous Orich Miras that lie above the PL relation in the LMC are hot bottom burning. The discovery of lithium in the spectrum of G3011, a luminous Mira in IC 1613, together with the ages implied from the isochrone fits to this and similar variables, provides strong support for this idea. It also leads us to suggest that more attention should be given to stars with large amplitude pulsations that lie above the fundamental PL relation. These may be pulsating in the first overtone (Feast 2009 ) and, unlike fundamental pulsators, are not at the end of their AGB evolution. The Marigo et al. (2008) isochrones indicate that they have a great deal of mass to loose before becoming white dwarfs. It seem possible that they evolve into OH/IR stars, or possibly extreme C-stars, at a later stage after HBB terminates. As OH/IR stars they would have much longer periods, be enshrouded in dust, and presumably pulsate in the fundamental mode.
This work demonstrates that a small (1.4m) telescope can be used to make a very reasonable estimate of the distances to Mira variables at around 750kpc. It will obviously be possible to use larger telescopes to get a bigger sample of AGB variables in IC 1613 and make a more accurate distance measurement.
